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ABSTRACT

Recent developments in contrast enhanced ultrasound have demonstrated a potential to visualize small blood vessels in vivo, unlike anything
possible with traditional grayscale ultrasound. This Perspective article introduces microvascular imaging strategies and their underlying

technology.
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Ultrasound is distinguished among the common biomedical
imaging modalities by its relatively low cost, high temporal and
spatial sampling frequencies, safety, accessibility, and portability.
Ultrasonography has long been used by clinicians for investigating
organs such as the kidney,1 heart,” liver,’ spleenf‘ prostate,5
thyroid,” and others using conventional B-scan imaging. In addi-
tion to these large anatomical features, it is also possible to nonin-
vasively measure the mechanical properties of tissues, blood
dynamics, and molecular signaling using elastography,” Doppler
imaging,” and molecular imaging,”’ respectively. While B-scan
and Doppler imaging are commonplace in many clinics, it is
important to note their limitations. The spatial resolutions of these
approaches are fundamentally diffraction-limited, which means
that higher frequencies are necessary to image smaller targets.
Many biological tissues have attenuative properties that grow
exponentially as the frequency is increased.'’ Therefore, high-
frequency imaging is generally restricted to shallow and superficial
targets because of the poor signal to noise ratio (SNR) at depth.

However, there are numerous microscopic targets of interest in
the body. Ailments such as cancer, chronic kidney disease, atheroscle-
rosis, and others exhibit characteristic microvascular structures that
are part of their pathophysiological fingerprints."'* For example, one
of the hallmarks of cancer is a network of densely packed and highly
tortuous vessels that invade rapidly to feed a tumor as it grows.''
Though these features may contain important diagnostic information,
they cannot be easily quantified via conventional ultrasound methods
because of the resolution and/or SNR. In light of these shortcomings,
recent research has focused on developing new hardware, pulse

sequences, and signal processing methods for scanning micro-sized
blood vessels.

The sensitivity of ultrasonography to blood can be improved sig-
nificantly by administering microbubble contrast agents (MBs), which
are spheres that normally range between 1 and 5 um in diameter with
a gas core and a lipid or protein shell. The acoustic impedance of a
microbubble is very different than that of biological tissue; hence, these
agents strongly reflect acoustic waves. Because MBs are similar to
erythrocytes in size, they are distributed by circulation mechanics
throughout the blood pool. In addition to being excellent reflectors
in vivo, microbubbles are exceedingly nonlinear compared to biologi-
cal tissues. For conventional diagnostic imaging, a pulse with some
bandwidth is transmitted into the body, and most of the backscattered
echoes have a frequency content that is centered at the fundamental or
second harmonic of the transmitted waveform.'* When sonicated at
or near its resonant frequency, a contrast agent exhibits a broadband
response with many harmonics present above the fundamental.'”'
The third and higher harmonics are typically referred to as “super
harmonics.”"”

One approach that makes use of this strongly nonlinear acoustic
behavior is known as acoustic angiography.'® Briefly, a super-
wideband probe is used to excite an MB contrast agent with a pulse at
or near its resonant frequency, and the super harmonic echoes are
recorded. Compared to MBs, the acoustic backscatter from the tissue
is narrowband. Hence, the super harmonic frequency band is domi-
nated by MB echoes. This technique has the advantage of a high con-
trast to tissue ratio (CTR) due to the large separation of the tissue and
higher order microbubble harmonics, and a high resolution based on
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FIG. 1. Application of microvascular ultrasound imaging to oncology. Acoustic angi-
ography illustrates the presence of tortuosity and high vascular density due to
tumor-associated angiogenesis (bottom) vs lack thereof in healthy tissue (top). The
dotted lines indicate the approximate tumor locations. Partially Reproduced with
permission from Gessner et al., Radiology, 264, 733 (2012).

the high receive frequency. Because it utilizes a low-frequency trans-
mitting signal and then a high-frequency receiving signal, it is possible
to image targets at greater depths than is possible with a two-way
high-frequency scheme. Though this approach is diffraction-limited, it
can resolve vessels on the order of 100 ym in diameter at 1-2 cm, and
importantly, it retains the benefit of real-time imaging.

Acoustic angiography can provide high resolution vascular maps
without tissue clutter, and has been useful for quantifying the vascular-
ity of preclinical targets such as subcutaneous tumors'’ and organoid
models™ (Fig. 1). However, the availability of this technique is limited
because it requires super-wideband transducers, usually fabricated
with separate transmitting and receiving elements.”" To date, preclini-
cal devices have been optimized for imaging at depths of approxi-
mately 1-2 cm, which excludes most human cancers. It is important to
note, however, that this is not the physical limit of super harmonic
imaging. Recent work in dual-frequency transducer design has
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resulted in impressive contrast sensitivity as deep as 3 cm in vivo
transmitting and receiving at 2 and 20 MHz, respectively.” "
Similarly, further reduction of the frequencies used in super har-
monic imaging can further improve the penetration depth at the
expense of resolution. Continued development of dual frequency
array technology for acoustic angiography is in progress to
improve the depth of field, sensitivity to contrast, and frame rate
for clinical applications (Table I).

More recently, a technique known as ultrasound localization
microscopy (ULM) has been developed that can achieve even
higher resolutions than acoustic angiography.”* This is a super res-
olution technique analogous to fluorescence photoactivation local-
ization microscopy,” which means that it improves upon the
diffraction-limited resolution fundamental to coherence-based
imaging systems. Though there are many variations to ULM docu-
mented in the literature, the general approach can be described
with the steps below:

(1) Data collection: microbubbles are administered intravenously
and a series of data is acquired. Hundreds to thousands of
images are collected, normally at large frame rates greater than
100 Hz.

(2) Contrast echo separation: microbubble echoes are isolated in
preparation for contrast localization. For fundamental B-mode
imaging in vivo, microbubble signals are overlapped with tissue
backscatter as well as noise. Spatiotemporal filters, such as those
based on singular value decomposition (SVD) or nonlocal
means, have been utilized by different groups™®** for this prob-
lem. In short, these methods distinguish bubbles from other
sources by differences in their spatiotemporal coherence.
Another common approach is to capitalize on the nonlinear
response of MBs to separate them from the tissue using techni-
ques such as pulse inversion,”” amplitude modulation,” and
contrast pulse sequences.”’ Harmonic imaging sequences are
often combined with slow time filters to improve the CTR for
moving bubbles, especially when stationary imaging artifacts
are present.

Microbubble localization: once microbubbles are isolated, their

positions are estimated on a sub-wavelength grid. By processing

@3

~

TABLE I. Comparison of various angiographic imaging modalities. Here, “resolution” refers to the smallest vessel diameter reconstructed with a given technique. PAT: photoa-
coustic tomography, OCT-A: optical coherence tomography angiography, MRA: magnetic resonance angiography, MCT-A: micro-CT angiography, DSA: digital subtraction angi-

ography, AA: acoustic angiography, and ULM: ultrasound localization microscopy.

Resolution SNR Max depth Scan time Image volume
PAT (2 MHz transducer) "’ 370 um 60 dB 50 mm 120-240 s 1 x 10° mm?
PAT (40 MHz transducer) " 50 um 32.5dB 3.1 mm 20 min 1 x 10° mm’
OCT-A" 5 um 20 dB 3mm <10s 1 x 10"-1 x 10> mm®
MRA (9.4 Tesla)* 60 pm 34 dB >100 mm 58 min 1 x 10°-5 x 10°> mm?
MCT-A" 50 um 25 dB >100 mm 20-40 s 1 x 10*-1 x 10> mm?
DSA™ 40 um 20 dB >100 mm <ls b
AAYE 150 um 25 dB <40 mm 120 s 1-2 x 10* mm®
ULM (15 MHz linear array)”* 15 um : 12mm 150 s b
ULM (9 MHz matrix a1rray)33 50 um N 30 mm 12s 1 x 10°-1 x 10* mm?®

*Not reported.
°Not applicable for 2D imaging modalities.
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many acquisitions in this way, a map of the vasculature is con-
structed over time. An excellent comparison of many localiza-
tion methods has been provided by Jeffries et al.”

A very active area of research that will impact the way that data is
collected for ULM is ultrafast volumetric imaging. Many of the semi-
nal studies in the field utilized linear array transducers therefore the
first volumetric ULM scans were generated by translating a transducer
in the elevational dimension between acquisitions. This approach pro-
duces elevational resolutions orders of magnitude larger than the axial
and lateral counterparts. Additionally, the time necessary to acquire a
single volume is prohibitively large for most clinical scenarios. Matrix
arrays can be fully sampled, such as in Heiles et al.,” but these are typ-
ically restricted to small-aperture imaging in light of the large channel
counts required to fully populate a larger aperture. An important and
active area of research is focused on the development of novel matrix
arrays that can achieve a comparable imaging quality with a reduced
data bandwidth. For example, sparse’* and row-column addressed
arrays’ are two approaches that may allow for ultrafast volumetric
imaging at depth by increasing the aperture size and decreasing the
channel count.

One of the greatest challenges for clinical translation of ultra-
sound localization microscopy to the clinic is physiological motion. As
was mentioned previously, many ULM processing pipelines utilize
complex spatiotemporal filters to separate microbubble echoes from
background signals, but the performance of these methods is degraded
in the presence of motion artifacts as a result of overlapping spatio-
temporal features of contrast and tissue. For very static targets such as
the brain, these techniques might still be appropriate, but very
dynamic targets such as the heart are displaced by lengths orders of
magnitude greater than the vessels of interest. For this reason, it is pos-
sible that super harmonic imaging approaches such as acoustic angiog-
raphy might become highly useful for ultrafast imaging of these
organs, particularly because the loss of resolution at lower frequencies
can be readily recovered by ULM while the discrimination between
the flowing microbubbles and the moving tissue is preserved by fre-
quency separation. To date, pulse inversion and super harmonic imag-
ing have produced promising results for organs such as the
kidney”*”*" (see Fig. 2), but more research is required to develop and
validate robust motion correction schemes that do not create or

Elevation
Distance (mm) 7

FIG. 2. A 3D ULM image of a rodent kidney generating using super harmonic imag-
ing. The distance from the observer is color-coded according to the map provided.
Reconstructed from data from Kierski et al.*’
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destroy the vascular structure in reconstructed images. A variety of
rigid"**® and non-rigid”" correction frameworks have been pre-
sented in recent years, and the discussion remains open as to which
approaches are the most efficacious.

Slow flow is also a challenge for some current implementations
of ULM. Filters based on SVD, for example, are not sensitive to bub-
bles which move very slowly relative to the surrounding tissue.”” This
phenomenon suggests that these filters impose an artificial cap on the
resolution of ULM imaging because contrast agents move very slowly
in the smallest capillaries.”*" This notion is supported by the fact that
literature is yet to demonstrate success in the imaging of microvessels
at theoretical resolution limits (e.g., 1.8 um for a 7 MHz linear array
with a 30 mm aperture width)."* Slow flow sensitivity will be especially
important for the development of super resolution molecular imaging
techniques, where the goal is to localize targeted microbubbles in vivo.
As it currently stands, demonstration of detection and localization of
adherent targeted bubbles in the presence of freely circulating contrast
is yet to be achieved.

Artificial intelligence holds great promise for upending the entire
ULM imaging pipeline. Van Sloun and colleagues have demonstrated
the feasibility of localizing bubbles in beamformed images using deep
convolutional neural networks.* It is possible that end-to-end deep
learning approaches will play a critical role in the clinical translation of
this imaging modality by allowing the radio frequency data to be proc-
essed in real time to accumulate bubble positions. This sort of process-
ing will eliminate the need to save extremely large datasets for offline
processing and has the potential to improve acquisition times by local-
izing more bubbles per image than can be achieved by conventional
approaches.

Sparse element configurations are especially interesting consider-
ing recent work in compressed sensing applied to ultrasound. It is
known that the increasing element count can reduce the impact of
clutter for challenging targets in vivo, but it is possible that deep learn-
ing approaches such as those presented in Xiao and colleagues™ will
be appropriate for augmenting the performance of ultrafast volumetric
imaging in the clinic.

Deep learning also holds great promise for aiding clinicians in
the interpretation of ULM images. ULM images provide an incredibly
rich and complex dataset, combining 3D morphological information
with velocimetry in many cases. Computer-aided diagnosis developed
on deep neural networks may be crucial for the adoption of these tech-
niques by providing physicians an insight into the nuances of each
dataset. This approach might prove especially useful once molecular
imaging methods are combined with ULM, as this will add yet another
feature space for analysis.

Microvascular imaging with ultrasound is a promising technique
for qualitative and quantitative assessment of a variety of organs and
diseases. While many groups have published impressive images of var-
ious targets in preclinical models, research is ongoing to investigate
the clinical impact of these technologies. Further progress in areas
such as ultrafast volumetric imaging and deep learning will be crucial
for overcoming the challenges associated with slow flow, physiological
motion, and imaging time.

Support for our research in ultrasonic microvascular imaging has
been provided by the National Institutes of Health (Nos.
RO1CA170665, R0O1CA170665S1, RO1EB026897, RO01CA189479,
R44CA165621, RO1EB015508, RO1EB025149, and 1R01CA220681),
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